The S-layer glycoprotein is the sole component of the protein shell surrounding Haloferax volcanii cells. The deduced amino acid sequence of the S-layer glycoprotein predicts the presence of a C-terminal membrane-spanning domain. However, several earlier observations, including the ability of EDTA to selectively solubilize the protein, are inconsistent with the presence of a trans-membrane sequence. In the present report, sequential solubilization of the S-layer glycoprotein by EDTA and then with detergent revealed the existence of two distinct populations of the S-layer glycoprotein. Whereas both S-layer glycoprotein populations underwent signal peptide cleavage and N-glycosylation, base hydrolysis followed by mass spectrometry revealed that a lipid, likely archaetidic acid, modified only the EDTAsolubilized version of the protein. These observations are consistent with the S-layer glycoprotein being initially synthesized as an integral membrane protein and subsequently undergoing a processing event in which the extracellular portion of the protein is separated from the membrane-spanning domain and transferred to a waiting lipid moiety.
Introduction
In the years when 16S rRNA sequence analysis was first employed to distinguish Archaea from Bacteria [1, 2] , other characteristic traits of Archaea were identified, including a unique cell wall composition (for reviews, see [3, 4] ). Lacking peptidoglycan, a major component of the bacterial cell wall [4, 5] , many Archaea are instead surrounded by a cell envelope composed solely of a protein-based surface (S)-layer, a self-assembling two-dimensional crystalline array found in intimate association with the plasma membrane [6] [7] [8] [9] . In the case of the haloarchaea Haloferax volcanii, the S-layer glycoprotein is the sole component of this structure [10] . Synthesized as an 827 amino acid precursor that includes a 34 amino acid residue N-terminal signal peptide, the Hfx. volcanii S-layer glycoprotein also includes a stretch of 20 hydrophobic residues near the C-terminus (amino acid residues 804-823) that is thought to serve as a trans-membrane domain, anchoring the protein to the membrane [11] .
With a broad range of genetic tools available for working with Hfx. volcanii, the species has become an important model for addressing molecular questions in Archaea. In a widely employed protocol for the transformation of Hfx. volcanii cells, spheroplasts are generated upon incubation with 0.5 M EDTA-containing solution [12] . Such EDTA treatment releases the S-layer glycoprotein into the surrounding growth medium [11] . A similar effect is observed in cells grown in medium lacking magnesium [13] . EDTA-generated spheroplasts, however, regain the cup-shaped morphology of the native cells when magnesium is once again provided, presumably due to a restoration of the S-layer [14] . Although the precise requirement for magnesium in S-layer biogenesis is unclear, it has been shown that in the absence of magnesium, the S-layer glycoprotein fails to experience a maturation event that transpires on the external cell surface, possibly the addition of a lipid moiety attached to the mature protein [13, 15] .
Based on current understanding, it is difficult to envisage how the S-layer glycoprotein can be associated with the plasma membrane simultaneously in an EDTA-sensitive, magnesium-dependent manner and via a trans-membrane domain. With the aim of clarifying this seeming paradox, the present study more closely examined the Hfx. volcanii S-layer glycoprotein and its mode of membrane attachment. Such efforts reveal that two S-layer glycoprotein populations coexist, with one requiring detergent for solubilization, presumably corresponding to S-layer glycoprotein anchored to the membrane via the C-terminal trans-membrane domain, and the other being lipid-modified and associated with the membrane in an EDTAsensitive manner.
Materials and methods

Growth conditions
Haloferax volcanii strain H53 was grown in complete medium containing 3.4 M NaCl, 0.15 M MgSO 4* 7H 2 0, 1 mM MnCl 2 , 4 mM KCl, 3 mM CaCl 2 , 0.3% (w/v) yeast extract, 0.5% (w/v) tryptone, 50 mM Tris-HCl, pH 7.2, at 37°C [16] .
S-layer glycoprotein solubilization
Hfx. volcanii cells were grown to stationary phase (OD 600 = 3.0) and harvested by centrifugation (10,900 × g, 10 min). The cell pellet was washed with 2 M NaCl, 50 mM Tris-HCl, pH 7.2 and resuspended in minimal medium to which EDTA was added at a final concentration of 50, 100, 150, 200, 300 or 500 mM, or not at all. The cells were incubated for 3-4 h at 37°C and harvested by centrifugation. The supernatant was dialyzed against 50 mM Tris-HCl, pH 7.2, and precipitated with 15% trichloroacetic acid (TCA). The pellet was washed with 2 M NaCl, 50 mM Tris-HCl, pH 7.2, and resuspended in the same buffer to which Triton X-100 was added to a final concentration of 1%. After a 20 min incubation at room temperature, the samples were subjected to centrifugation, the supernatant was precipitated with 15% TCA. The TCA-precipitated samples were acetone-washed, incubated with sample buffer, separated on 7.5% SDS-PAGE and Coomassie-stained.
Native gel electrophoresis
S-layer glycoprotein solubilized by either Triton X-100 or EDTA treatment was examined by native gel electrophoresis performed using 7.5% Tris-glycine gels (pH 8.9) containing 0.5% Triton X-100 [17] . The gels were run at 70 V overnight at 4°C and the S-layer glycoprotein was visualized by Coomassie staining.
Liquid chromatography-electrospray ionization mass spectrometry (LC-ESI/MS)
LC-ESI/MS analysis of tryptic fragments of the S-layer glycoprotein was performed as described previously [18] . Triton X-100-and EDTA-solubilized Hfx. volcanii proteins were separated on 7.5% polyacrylamide gels and stained with Coomassie R-250 (Fluka, St. Louis MO). For in-gel digestion of each version of the protein, the relevant bands were excised, destained in 400 μl of 50% (vol/vol) acetonitrile (Sigma, St Louis, MO) in 40 mM NH 4 HCO 3 , pH 8.4, dehydrated with 100% acetonitrile, and dried using a SpeedVac drying apparatus. The S-layer glycoprotein was reduced with 10 mM dithiothreitol (Sigma) in 40 mM NH 4 HCO 3 at 56°C for 60 min and then alkylated for 45 min at room temperature with 55 mM iodoacetamide in 40 mM NH 4 HCO 3 . The gel pieces were washed with 40 mM NH 4 HCO 3 for 15 min, dehydrated with 100% acetonitrile, and SpeedVac-dried. The gel slices were rehydrated with 12.5 ng/μl of mass spectrometry (MS)-grade Trypsin Gold (Promega, Madison, WI) in 40 mM NH 4 HCO 3 . The proteasegenerated peptides were extracted with 0.1% (v/v) formic acid in 20 mM NH 4 HCO 3 , followed by sonication for 20 min at room temperature, dehydration with 50% (v/v) acetonitrile, and additional sonication. After three rounds of extraction, the gel pieces were dehydrated with 100% acetonitrile, dried completely with a SpeedVac, resuspended in 5% (v/v) acetonitrile containing 1% formic acid (v/v). The protein digests, infused using static nanospray Econotips (New Objective, Woburn, MA), were separated on-line by nano-flow reverse-phase liquid chromatography (LC) by loading onto a 150-mm by 75-μm (internal diameter) by 365-μm (external diameter) Jupifer pre-packed fused silica 5-μm C 18 300 Å reverse-phase column (Thermo Fisher Scientific, Bremen, Germany). The sample was eluted into the LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific) using a 60-min linear gradient of 0.1% formic acid (v/v) in acetonitrile/0.1% formic acid (1:19, by volume) to 0.1% formic acid in acetonitrile/0.1% formic acid (4:1, by volume) at a flow rate of 300 nl/min.
Base hydrolysis of the S-layer glycoprotein
For base hydrolysis of the S-layer glycoprotein, comparable amounts of the protein, as determined by SDS-PAGE and Coomassie staining, were combined with 0.6 ml PBS, 1 ml CHCl 3 and 2 ml methanol (MeOH) in a 15 ml glass tube with a teflon-lined cap to yield a single phase (CHCl 3 :MeOH:PBS = 1:2:0.8, v/v) solution. Following addition of 200 μl (15 N) KOH and intermittent mixing by vortex for 5 min, the mixture was sonicated in a water bath for 15 min at room temperature. The sample was centrifuged (3000 rpm) for 5 min at room temperature and the supernatant was transferred to a fresh 15 ml glass tube with a Teflon-lined cap. One ml CHCl 3 and 1 ml PBS were added to yield a two-phase Bligh-Dyer mixture (CHCl 3 : MeOH:PBS= 2:2:1.8, v/v). After mixing, the sample was centrifuged (3000 rpm) for 5 min at room temperature to separate the phases. The upper phase was removed and the lower CHCl 3 phase was dried under a stream of nitrogen. The dried lipid samples were then dissolved in 120 μL The elution program consisted of the following: 100% mobile phase A was held isocratically for 2 min and then linearly increased to 100% mobile phase B over 14 min and held at 100% B for 11 min. The LC gradient was then changed to 100% mobile phase C over 3 min and held at 100% C for 3 min, and finally returned to 100% A over 0.5 min and held at 100% A for 5 min. The total LC flow rate was 300 μl/min.
Results
Hfx. volcanii contains two distinct versions of the S-layer glycoprotein
The Hfx. volcanii S-layer glycoprotein can be released from the cell surface by either treatment with Triton X-100 or following chelation with EDTA (Fig. 1A) . Towards determining whether both treatments solubilized the same S-layer glycoprotein population, Hfx. volcanii cells were grown in minimal medium lacking tryptone or yeast extract [11] , treated with increasing amounts of EDTA (0-500 mM) for 3-4 h, and collected by centrifugation. Whereas the resulting supernatant was subjected to dialysis prior to TCA-precipitation and SDS-PAGE, the cell pellet was washed to remove the chelator and challenged with 1% Triton X-100. After centrifugation and TCAprecipitation, any detergent-solubilized proteins were also separated by SDS-PAGE. The minimal medium in which the Hfx. volcanii cells were grown contains 150 mM Mg 2+ (as well as 3 mM Ca 2+ and 1 mM Mn 2+ ) [16] . Yet, even following a challenge with 500 mM EDTA (i.e. a 3.3-fold excess of chelator over the concentration of divalent ions), the subsequent detergent challenge still led to the release of S-layer glycoprotein (Fig. 1B) . These results thus point to the existence of distinct EDTA-and detergent-sensitive forms of the Hfx. volcanii S-layer glycoprotein.
Further support for the existence of sub-populations of the S-layer glycoprotein was obtained when the EDTA-and Triton X-100-solubilized versions of the protein were examined by native gel electrophoresis, using gels containing 0.5% Triton X-100. In such gels, the embedded detergent molecules bind to exposed hydrophobic domains of the protein, resulting in retarded migration on the gel, relative to the same protein either lacking that hydrophobic domain or else presenting a different hydrophobic region [17] . Indeed, the same gel system has been previously employed in the study of Hfx. volcanii S-layer glycoprotein processing [13] . Now, when the EDTA-and Triton X-100-solubilized versions of the S-layer glycoprotein were subjected to such analysis, that version of the protein solubilized by Triton X-100 migrated slower in the detergent-containing native gel than did the same protein released from the cell by EDTA treatment (Fig. 1C) . As such, the two versions of the S-layer glycoprotein differ in terms of their hydrophobicity.
EDTA-solubilized S-layer glycoprotein is lipid-modified
Earlier efforts determined that the Hfx. volcanii S-layer glycoprotein is subject to lipid modification in a magnesium-dependent manner on the external cell surface, as reflected by the incorporation of radiolabeled isoprene precursors into the Hfx. volcanii S-layer glycoprotein [13, 15] . To assess whether either or both the EDTAand Triton X-100-solubilized versions of the S-layer glycoprotein are lipid-modified, comparable amounts of S-layer glycoprotein released from Hfx. volcanii cells by each protocol were subjected to base hydrolysis with 1 M KOH. The presence of any released lipid was then determined by LC-ESI MS. Base hydrolysis of the EDTAsolubilized S-layer glycoprotein (Fig. 2, top (Fig. 2, uppermost panel, inset) . The chloride adduct ion is observed at m/z 767.620. No such peaks appeared when a mock hydrolysis was performed in the absence of 1 M KOH (Fig. 2, top pair of panels, lower panel) . Likewise, no released lipid was detected following similar base treatment of Triton X-100-solubilized S-layer glycoprotein (Fig. 2 , bottom pair of panels, upper panel). These results thus reveal that whereas a lipid anchor modifies the EDTA-solubilized form of the S-layer glycoprotein, no such moiety is attached to the Triton X-100-solubilized version of the same protein.
Both Triton X-100-and EDTA-solubilized S-layer glycoproteins undergo signal peptide cleavage and N-glycosylation
In addition to the lipid modification reported here, the S-layer glycoprotein is known to experience a variety of processing events, including signal peptide cleavage and N-glycosylation [11] . To begin understanding the relationship between the various post-translational modifications to which the protein is subjected, both the EDTA-and Triton X-100-solubilized versions of the Hfx. volcanii S-layer glycoprotein were analyzed by LC-ESI MS. (Fig. 3 , lower left and right panels, respectively). Accordingly, it can be concluded that both versions of the S-layer glycoprotein experience N-glycosylation.
LC-ESI MS analysis of the S-layer glycoprotein solubilized by either
Discussion
In direct contact with outside world, the archaeal S-layer must not only provide structural rigidity to cell, it must also offer protection from the harsh environments that Archaea often encounter. To date, amongst the most detailed studies on archaeal S-layers and S-layer glycoproteins have focused on halophilic species, although a highresolution structural analysis of these components from the methanogen, Methanosarcina acetivorans, appeared recently [20] . In Hfx. volcanii, it was proposed that the S-layer comprises regularly repeated units composed of six S-layer glycoproteins organized into a 4.5 nm-thick dome-shaped pore, with an open center that expands as one approaches the membrane [10] . In addition, the Hfx. volcanii S-layer glycoprotein is known to undergo various post-translational modifications, including signal peptide cleavage, N-glycosylation, O-glycosylation and lipid modification [8, 21] . Presently, however, little is known of how these protein-processing events affect S-layer behavior or architecture.
In the current model of the Hfx. volcanii S-layer, the predicted C-terminal trans-membrane domain of each S-layer glycoprotein is thought to anchor the repeating unit structure to the membrane. Yet, previous experiments demonstrating the incorporation of radiolabeled precursors of isoprene [15] , the basic building block of archaeal lipids [22] , and the release of the S-layer glycoprotein Fig. 1 . Distinct versions of the Hfx. volcanii S-layer glycoprotein are solubilized by EDTA or Triton X-100. A. Hfx. volcanii cells were challenged with 1% Triton X-100 (Tx-100) or incubated with 500 mM EDTA and the supernatant was collected. Both samples were precipitated with 15% TCA, separated by 7.5% SDS-PAGE and subjected to Coomassie staining. B. Hfx. volcanii cells were incubated with increasing concentrations of EDTA (as indicated) and collected by centrifugation. The supernatant was removed and the pellet was washed and incubated with 1% Triton X-100. The supernatants and solubilized pellets samples were precipitated with 15% TCA, separated by 7.5% SDS-PAGE and subjected to Coomassie staining. C. Hfx. volcanii cells (10 ml) were challenged with EDTA for 3 h and collected by centrifugation. After dialysis to clear the EDTA, a 1 ml aliquot of the growth medium was TCA-precipitated. The pelleted cells were washed and resuspended in 1 ml lysis buffer containing 1% Triton X-100. A 100 μl aliquot of the lysate was TCA-precipitated. After acetone washes, both TCA-precipitated samples were dissolved in non-reducing native gel electrophoresis sample buffer (17) and loaded onto a 7.5% native gel containing 0.5% Triton X-100 and Coomassie-stained. The open arrowhead depicts the position of Triton X-100-solubilized S-layer glycoprotein, while the full arrowhead depicts the position of EDTA-solubilized S-layer glycoprotein.
from the membrane upon incubation with EDTA [12] point to the existence of a distinct mode of S-layer glycoprotein attachment to the Hfx. volcanii membrane. Here, sequential extraction, differential electrophoretic migration and mass spectrometry showed that this is indeed the case. One sub-population of the S-layer glycoprotein, apparently corresponding to the trans-membrane domain-containing version of the protein, required detergent for its solubilization. A second sub-population, solubilized by a divalent ion chelator, was shown to contain an attached lipid, likely archaetidic acid, the archaeal version of phosphatidic acid, the core of eukaryal and bacterial membrane phosopholipids [23] .
The existence of lipid-modified Hfx. volcanii S-layer glycoprotein thus explains the earlier observation of post-translational lipidrelated maturation event that the protein undergoes following translocation across the plasma membrane [13, 15] .
Presently, the biosynthetic steps leading to S-layer glycoprotein lipid modification are not known. One can hypothesize that the S-layer glycoprotein is initially synthesized with a C-terminal trans-membrane domain and following proteolytic cleavage upstream of the trans-membrane domain, the truncated protein would be transferred to a waiting lipid anchor. Recently, bioinformatics support for the existence of such a pathway was provided with the proposed identification of both an archaeal enzyme suspected of catalyzing this cleavage/transfer reaction (archaeosortase A or ArtA) and the target protein motif (PGF-C terminal) recognized by this enzyme [24] . It is thought that this system would parallel that protein processing system found in Gram-positive bacteria, where sortases recognize a carboxyl terminal sequence motif immediately upstream of a C-terminal membrane-spanning domain in the target protein, cleave the protein as this site and then covalently attach the released proteins to the cell wall upon their transfer to a waiting lipid moiety [25] . In the case of the Hfx. volcanii S-layer glycoprotein, the PGF motif thought to be recognized by ArtA is present just upstream of the predicted C-terminal trans-membrane domain. A similar motif is detected at the comparable position in the Hbt. salinarum S-layer glycoprotein, also shown to undergo lipid modification [15, 24, 26] .
In addition to experimentally confirming the process described above, other aspects of lipid modification of the Hfx. volcanii S-layer glycoprotein require further study. For instance, the ratio of the two versions of the protein as a function of growth stage or environmental conditions is not known. Likewise, the importance of lipid modification for S-layer architecture and self-assembly should be considered. The ease with which Hfx. volcanii can be genetically manipulated will likely assist future studies addressing these and related questions.
Conclusions
In conclusion, the present study offers a solution to the apparent paradox whereby the Hfx. volcanii S-layer glycoprotein is simultaneously associated with the membrane in an EDTA-sensitive, magnesiumdependent manner and via a trans-membrane domain. It appears that two S-layer glycoprotein populations co-exist, one requiring detergent for its solubilization, presumably corresponding to S-layer glycoprotein anchored to the membrane via the C-terminal trans-membrane domain, and the other being lipid-modified and associated with the membrane in an EDTA-sensitive manner.
